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Introduction 41
The early solar system was chemically heterogeneous on both temporal and spatial scales, 42 which is exemplified when comparing the icy outer and rocky inner solar system that preserve 43 major, and minor elemental and isotopic differences (Morbidelli et Much of the isotopic variation can be explained through heterogeneous distribution/thermal 52 mobilization within the solar system of various presolar particles that preserve extremely large 53 isotope anomalies (e.g. Zinner, 1998) . These particles constitute a very small fraction of bulk 54 meteorites and hence produce overall relatively small bulk meteorite/planetary isotope 55 heterogeneity. 56 Alternative processes have been suggested to produce both stable and radiogenic isotope 57 heterogeneity within the early solar system. In particular, high fluxes of charged particles that 58 likely emanated from the young sun (Feigelson, have caused irradiation of solar system material, producing an array of stable and radioactive 60 isotopes (Gounelle et al., 2006; Lee et al., 1998) , although the probability of such processes have 61 been questioned (Desch et al., 2010; Wood, 2004) . If irradiated material became heterogeneously 62 distributed in early formed solids, such as calcium aluminum rich inclusions (CAIs) or 63 chondrules, then their isotopic anomalies could theoretically have been heterogeneously 64 distributed within meteorites or potentially even on planetary scales. To date, however, the best 65 evidence for such processes has primarily been observed for the radioactive isotope 10 Be 66 (Chaussidon et al., 2006; McKeegan et al., 2000) , whereas other isotopes have been difficult to 67 confirm as originating from early solar system irradiation (Desch et al., 2010; Shen et al., 1994) . 68
Vanadium (V) isotope systematics are susceptible to the production of significant isotope 69 anomalies by irradiation processes because high-energy irradiation can produce the light isotope, 70 50 V, mainly from the target nuclei 48 Museum of Natural History (HMNH) or NASA-JSC by breaking off small chips from larger 90 pieces of meteorite. All samples were free of fusion crust and saw marks. The chips were rinsed 91 in MQ H 2 O to remove surficial dust and first dissolved in 1:1 concentrated HNO 3 -HF in teflon 92 beakers on a hotplate at ~130°C overnight. The samples were ultrasonicated repeatedly to ensure 93 all silicates became exposed to the HF solution. After evaporation, 5ml of concentrated HNO 3 94 was added and samples were placed in quartz vessels for further dissolution in an Anton Parr 95 high pressure asher (HPA) at 260°C and ~100 bars pressure for 2.5 hours. This treatment 96 effectively attacks both fluorides remaining after the HF dissolution and refractory minerals that 97 are not easily dissolved. After the HPA treatment samples were transferred back into teflon vials, 98 evaporated, and re-suspended in concentrated HNO 3 and fluxed until no residues were visible in 99 the samples. Treatment with aqua regia and further sonication was applied as necessary to fully 100 dissolve the samples. The yields in all three labs were monitored by comparing the amount of V recovered from 115 the column procedure with that expected based on the concentrations measured using ICP-MS 116 (Table S2 and S3). All samples had yields between 85 and 100%. Total procedural blanks were 117 also monitored for each set of samples processed and were always <2ng, which is insignificant 118 compared with the amount of V processed (>1000ng) and thus no blank correction is required. 119
The chemical separation procedures used at WHOI and FSU labs rely on the same principles 120 as those outlined by Nielsen et al (2011) and Wu et al (2016) , but differ in some details. In the 121 following we outline the key differences between chemical separations and mass spectrometric 122 protocols. 123
WHOI chemical separation of V 124
The total procedure involved four individual ion exchange columns. The first column used 125 AG 50W-X8 cation exchange resin and was a modified version of the cation exchange column 126 presented in Wu et al (2016) . In the modified version, 3ml of AG 50W-X8 cation resin is loaded 127 into quartz columns with a stem inner diameter of 6mm and ~150mm height. In principle, the 128 AG 50W-X12 resin utilized by Wu et al (2016) has a larger sample capacity and is, therefore, a 129 more flexible procedure as it places less strict limits on the amount of sample that can be 130 processed. However, AG 50W-X12 is more expensive than AG 50W-X8 and the two resins 131 otherwise operate very similarly. After resin had been loaded it was cleaned with 10ml of 50% 132 HNO 3 and then re-equilibrated with 3x4ml of 0.8M HNO 3 . Onto each column 1.3ml of sample in 133 0.8M HNO 3 was loaded. Subsequently, 2x3ml of 0.1MHF+0.8M HNO 3 was added to remove Ti 134 and Al. This step was followed by elution of V in 29ml of 0.8M HNO 3 . As also outlined in Wu 135 et al (2016) we find that all major elements except for Na and K are retained on the column 136 while V is eluted quantitatively. However, our column also effectively separates Mg from V, 137 perhaps because 0.8M HNO 3 is used as opposed to 1M HNO 3 (Wu et al., 2016) . Varying 138 amounts of sample mass (e.g. total mg rock) or V mass (e.g. total μg of V) loaded onto the 139 column shifts the V elution peak (Wu et al., 2016 ) and therefore the sample mass loaded was 140 restricted to between 10-20mg and the total mass of V loaded onto the column never exceeded 141 6μg. Following the cation exchange column, samples were evaporated to dryness, refluxed in 142 aqua regia overnight at 135°C, evaporated, refluxed in 1:1 nitric acid:hydrogen peroxide, 143 evaporated at 135°C and finally converted to chloride form by fluxing in HCl. Samples were 144 then redissolved in ~10ml 0.01M HCl in preparation for the anion exchange column that uses 145 1ml AG1-X8 resin. Here we followed the same procedure as outlined in Nielsen et al (2011) 146 where addition of H 2 O 2 to the samples immediately before loading onto the column results in V 147 strongly binding to the resin. After the 1ml anion exchange column we repeated the same anion 148 column in miniaturized form twice using 0.15ml of AG1-X8 resin. The only modification for the 149 miniaturized columns was that we eluted matrix elements (trace Cr and Ti) in 0.1M HCl+2% 150 H 2 O 2 , which we found removed the remaining trace Ti more effectively than 0.01M HCl+2% 151 H 2 O 2 without incurring any loss of V. However, even with the more efficient Ti removal, we 152 found that two miniaturized 0.15ml AG1-X8 resin columns were required to remove Cr 153 effectively, which is likely due to the very high Cr/V ratios (~25-80) found in most chondritic 154 meteorites compared with Cr/V <1 found in most terrestrial rocks (except peridotites). 155
FSU chemical separation of V 156
The purification of V was conducted with a four-step ion-exchange procedure by coupling 157 cation-and anion-exchange columns after Wu et al., (2016) because the ion beams of Ti and Cr are so small that a precise mass bias coefficient cannot be 201 determined during the V isotope measurements. As previously described (Wu et 
Mass spectrometry at ICL 212
Similar to WHOI and FSU, V isotope measurements at ICL were also made by MC-ICPMS, 213 but instead employing a Nu II Instrument. Samples were introduced via a glass expansion 214 nebulizer with an uptake rate of ~ 120 μl/min followed by desolvation via a Nu instruments DSN 215 100. Measurements were made by sample-standard bracketing as described in Nielsen et al. 216 (2011) with the same AA solution as above. Analyses of the secondary solution standard BDH 217 were interspersed with the unknown meteorite samples. Samples were run in medium resolution 218 as 600 ng/ml solutions, yielding typical ion beam intensities for 51 V of ~0.4 nA for a solution 219 with 1 μg/ml. 220
The 
Comparison with previous studies and interlaboratory calibration 233
The V isotope compositions of two carbonaceous chondrites investigated here (EET 92002 234 and ALH 83100) were reported previously (Nielsen et al., 2014) . The values obtained for these 235 two chondrites, as well as all other chondrites studied here (Table 1) , exhibit V isotope 236 compositions that are significantly heavier by up to 0.9‰ compared with previous chondrite data 237 (Nielsen et al., 2014) . Indeed, all bulk compositions of chondrites determined here are 238 significantly heavier than previously reported (Nielsen et al., 2014) . In order to assess the 239 precision and accuracy of the new measurements for chondrites, we undertook an inter-240 laboratory calibration of two chondrites (NWA753 and DOM 08006) to offer some clues to the 241 cause of the discrepancy. 242
The results of these analyses (Table 2) (Table S1) , which is within error of 279 the value obtained for CV3 chondrites measured here of δ 51 V AA = -1.13 ± 0.04‰ (Table 1) . 280
However, in all likelihood the Allende-spike mixtures were also affected by ~0.3-0. 
Discussion 312
We present results for 10 carbonaceous chondrites and 11 ordinary chondrites. Overall the 313 data displays variation of ~0.3‰ (Table 1) (Table 1) . These V isotopic variations could be due to stable isotope 332 fraction, variable proportions of irradiated components (most likely refractory inclusions) or 333 heterogeneous distribution of nucleosynthetically anomalous material. In the following we 334 investigate each of these three possibilities and discuss them in the context of literature data. 335 bodies. This inference is supported by the lack of V isotope fractionation observed during 346 hydrothermal alteration of terrestrial rocks (Prytulak et al., 2013) . Furthermore, our data set for L 347 chondrites cover a wide range of metamorphic grades from L3.0 to L6 (Table 1) , which reveals 348 no V isotope fractionation during parent body metamorphism. Lastly, we can also investigate 349 potential nebular or parent body condensation/evaporation processes by normalizing the V 350 concentrations in the carbonaceous chondrites to those of significantly more refractory element 351 such as Al (Fig. 1a) . However, all carbonaceous chondrites investigated here exhibit Al/V ratios 352 within error of each other, suggesting that partial condensation or volatilization of V was not 353 significant on carbonaceous chondrite parent bodies and is not the principle cause of the 354 observed V isotope variation. Similarly there is no correlation with an indicator of volatile 355 element depletion such as Al/Mn ratios (Fig. 1b)  356 An alternative isotope fractionation mechanism could occur due to redox gradients in a 357 parent body, where V isotopes potentially would be redistributed across these boundaries. Such a 358 process might explain why CK chondrites preserve the lightest V isotope composition among 359 carbonaceous chondrites (Table 1) and it is possible that our V isotope data simply reflect higher proportions of refractory 388 inclusions in the CK and CO fragments analyzed relative to CV, CM and CR fragments. 389
However, if refractory inclusions would exert the primary control on the observed V isotope 390 variations, then it seems fortuitous that multiple fragments of three different CO chondrites all 391 display the exact same V isotope composition, since it would suggest that these all had a small, 392 but identical amount of refractory inclusion included within them. In addition, we also measured 393 two different fragments of five of the carbonaceous chondrites studied here (Table 1) the fine-grained CAIs, it would require >6% contamination of isotopically light CAI material in 405 our bulk carbonaceous chondrite samples to cause ~0.2‰ offset from the carbonaceous matrix, 406 which would be easily detectable in the concentrations of highly refractory elements such as 407
REEs, Ca and Al. However, none of our carbonaceous chondrites exhibit anomalously high 408 refractory element concentrations compared with average carbonaceous chondrites (Table S2) . 409
Together, we consider that the arguments presented above render it highly unlikely that our 410 bulk chondrite V isotope variations are due to variable amounts of CAI contamination. However, 411 this conclusion does not negate the possibility that irradiation could have played a role in 412 producing the V isotope variations observed in CAIs. 413 The largest bulk meteorite excesses in 54 Cr are observed for the carbonaceous chondrites 433 (Qin et al., 2010; Sugiura and Fujiya, 2014; Trinquier et al., 2007) and since 54 Cr is the most 434 neutron-rich isotope of Cr these excesses are often interpreted to reflect addition of material 435 produced by the r-process (rapid neutron capture) in supernovae (e.g. Trinquier et al., 2007) or 436 through production in AGB stars (Wasserburg et al., 2015) . This interpretation is consistent with 437 the finding of very large 54 Cr excesses in spinel presolar grains from carbonaceous chondrites 438 that likely originated from a supernova (Dauphas et al., 2010) . The positive correlation we report 439 here between ε 54 Cr and δ 51 V would furthermore support an r-process origin for these two isotope 440 ratios given that 51 V is also the most neutron-rich isotope of V and not shielded by another 441 isotope during neutron capture processes. Lastly, since Cr and V both have strong affinities for 442 chromian spinel (Canil, 1999; Righter et al., 2006) and aluminous spinal (Connolly and Burnett, 443 2003) it is reasonable to infer the same carrier phase for neutron-rich isotopes of these two 444 elements. Other host phases cannot be ruled out, however, since V concentrations in silicon 445 carbide (SiC), diamond and graphite (the most common presolar grains) is unknown. However, 446 to our knowledge no V isotope data exist for pre-solar grains. Hence, future work should focus 447 on testing the pre-solar grain origin of the V-Cr isotope correlation. 448
On the other hand, the negative correlation between the neutron rich isotopes 54 Cr and 50 Ti 449 in bulk carbonaceous chondrites (Trinquier et al., 2009; Warren, 2011) Cr variations. Although less pronounced than for carbonaceous chondrites, a shallow 515 correlation between Earth, L, H, and E chondrites might be present (Fig. 2) . Undoubtedly, 516 additional coupled V and Cr isotope measurements for non-carbonaceous meteorites are required 517 to assess how robust the correlation is, but in its current form the trend suggests that although V 518 isotopes overlap between the carbonaceous and non-carbonaceous meteorites, Earth falls on the 519 extension of the non-carbonaceous trend at a V isotope composition that is heavier than any 520 meteorite analyzed to date. As such, V isotopes support that Earth formed primarily from a 521 reservoir that did not contain carbonaceous chondrites, while, similarly to nucleosynthetic Nd 522 and Mo isotopes, implying that there appears to be a portion of the non-carbonaceous reservoir 523 that Earth is the only known representative of. 524 525
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